Abstract Gold wire has long been used as a proven method of connecting a silicon die to a substrate in wide variety of package types, delivering high yield and productivity. However, with the high price of gold, the semiconductor packaging industry has been implementing an alternate wire material. These materials may include silver (Ag) or copper (Cu) alloys as an alternative to save material cost and maintain electrical performance. This paper will analyze and compare the electrical characteristics of several wire types. For the study, typical 0.6 mil, 0.8 mil and 1.0 mil diameter wires were selected from various alloy types (2N gold, Palladium (Pd) coated/doped copper, 88% and 96% silver) as well as respective pure metallic wires for comparison. Each wire model was validated by comparing it to electromagnetic simulation results and measurement data. Measurements from the implemented test boards were done using a vector network analyzer (VNA) and probe station setup. The test board layout consisted of three parts: 1. Analysis of the diameter, length and material characteristic of each wire; 2. Comparison between a microstrip line and the wire to microstrip line transition; and 3. Analysis of the wire's cross-talk. These areas will be discussed in detail along with all the extracted results from each type the wire.
INTRODUCTION
Wire bonding is the method of making interconnections between the silicon chip and substrate. With the high price of gold, the semiconductor packaging industry is increasingly implementing alternative wire materials. These materials may include silver alloy or copper wires as alternatives to save material cost and maintain electrical performance. This study is focused on the electrical performance of each wire material. In the case of low operating frequency devices, the most important properties of wire bonding are physical reliability and bondability. In the past, the wire electrical characteristic has not had a significant impact on signal quality due to the relatively low data rate. However, recent advances in semiconductor industry, with respect to increased operating frequencies for bonding wires has caused the data rate to be faster than previous devices. Therefore, wire materials also need to be evaluated on the transmission behaviors for signal integrity and power integrity. The bonding wire on mold material which is used as an interconnect in high frequency operations causes a high characteristic impedance, which results in mismatched circuit and high signal reflection. In addition, radiation loss due to discontinuity is caused by the wire edge structure. [1] - [3] To begin with, each of the wire materials has a known resistivity or conductivity value which has been proven by other studies. [4] - [8] However, a comparison of the following wire materials: Au(2N), Pd coated Cu, Ag 96%, Ag 88% and Pd doped Cu have not been discussed in detail. This paper focuses on the electrical characteristics of each wire. A variety of bonding wires with different characteristics in terms of diameter, material and frequencies were simulated and measured. Additionally, a comparison between a microstrip line and the wire to microstrip line transition structure is presented, and the cross-talk between two wires with 0.5 mm separation was analyzed. In addition, simulation and measurement results of each wire are overlapped for easy comparison.
MODELING AND SIMULATION
In this study, bond wire modeling is based on results of electromagnetic simulation performed using a HFSS v.
15. The substrate core of the model is DS-7409HGB, with the thickness of 0.150 mm. The relative core permittivity is 4.6 and prepreg permittivity is 3.9. The thickness of the top metal layer and bottom metal layer on the substrate is 0.01 mm. The thickness of the top and bottom solder mask layer is 0.02 mm. Thus, total thickness is 0.24 mm. The substrate cross section is shown in Fig. 1 . The present modeling scheme is summarized in Fig. 2 . After 3D wire geometry is entered into EM, a simulation is performed to generate two-port or fourport S-parameters. The simulation frequency ranges from 0.5 GHz to 40 GHz. For the wire bond configurations, different diameters and lengths are selected. In order to compare composition material and pure material, the materials of three wire types were set to pure. For the simulation, we performed a case study using three different wire materials (Pure Au, Pure Ag, Pure Cu). To compare the each wire, S-parameters were extracted from the layout as shown in sections 1, 2 and 3. Multiple curves of all tested wire results are included in each figure. Loop wire is 0.1 mm above the top metal. In Section 1, the wire-bond performance was investigated as a function of diameter, length and material. Test structures with different lengths (500 μm, 1000 μm, 1500 μm), diameters (0.6 mil, 0.8 mil, 1.0 mil), and materials were fabricated. For each configuration, 27 models were simulated from 0.5 GHz to 40 GHz. Extracted S-parameter was converted into a Z-parameter, and the Z-parameter was converted into inductance values for evaluation. Table 2 provides the electrical parameters for the wire inductance. It is clear that as the wire diameter increases, the inductance decreases. The wire length and frequency are another critical factor that affects the inductance value. The wire length varies from 500, 1500, and 3000 μm. At 500 μm, the inductance is not sensitive. However, at 1500 μm and between 5 GHz and 10 GHz, inductance rapidly increases. For Section 2 structures, some transmission testers which are critical for system performance were investigated. The wire to microstrip line transition structure can have high characteristic impedance. Discontinuity of the transmission line can interfere with the signal flow. The insertion loss and reflection coefficient are sensitive to the transmission structure. Transmission line was investigated as a function of line width and material. Test structures were fabricated with different trace widths (0.1 mm, 0.2 mm) and materials. Fig. 5 and 6 provide the simulation results. Through Section 3 structures, the cross-talk problem was investigated. A critical factor of cross-talk is wire to wire distance. However, due to the fabrication limit of the substrate probing structure, the minimum distance from wire to wire was 0.5 mm. Therefore, the wire to wire distances were all set to 0.5 mm. Thus, the experiments focused on the diameter and material. The test model shown in Fig. 7 consists of two adjacent wires with different diameters, lengths and materials. Figures 8, 9 , 10 and 11 show the results of cross-talk. 
MEASUREMENT RESULTS
As mentioned before, a wire bonded substrate was implemented. From the measurement of implemented substrate, S-parameters were obtained by VNA. The measurement environment and implemented substrate are shown in Fig. 12 . For section 1 structures, measurement results are shown in Table 3 . Wires of different lengths and diameters were measured to observe the effect on overall inductance values at different frequencies. The short, thick wires had low inductance values as expected. In addition, there was no significant difference in the values of inductance between the wires of different materials. On the other hand, the microstrip line shows 0.27 dB and 0.34 dB ΔS21 at the same frequency. The trace width 0.1 mm shows 1.02 dB and 1.10 dB ΔS21 for wire to wire transition structures at 10 GHz. On the other hand, the microstrip line shows 0.69 dB and 0.79 dB ΔS21 at the same frequency. Therefore, a large amount of insertion loss existed from the discontinuity of transmission line. It clearly indicates that microstip line is better than wire to wire transmission line transition, especially for wider traces. As mentioned earlier, Section 3 structures were used for the cross-talk study. Figures 17, 18, 19 and 20 provide the measurement results. It is necessary to compare each wire characteristic. The results illustrate the S-parameters of these cross-talk models. It was observed from the measured S41 and S31 curves that the cross-talk of these wire models were slightly different due to the variation of long wire sag. At a wire to wire distance of 0.5 mm, the cross-talk effect was not significant. 
